Purpose: To determined the mechanism(s)
Introduction
Peroxisome proliferator-activated receptor gamma ( PPAR γ) agonists have pleiotrophic actions on cellular function that involve the classical PPAR γ mediated pathway [1] as well as less well recognized pathways involving Mitogen Activated Protein Kinase Kinase (MEKK) [2] and mitochondrial [3] signaling. We have previously shown [4] in proximal tubule-like LLC-PK 1 cells that all 3 pathways can be demonstrated and proposed that physiological responses may reflect the interaction of more than one of these pathways. Because a primary function of proximal tubule cells is in acidbase regulation we have focused on cellular acid -base homeostasis and specifically ammoniagenesis from glutamine.
Extracellular Signal-Regulated Kinase (ERK) activation occurs in kidney cells in response to metabolic acidosis in vivo as well as in cultured kidney cells [5] [6] [7] suggesting ERK activation plays a role in physiological responses. However, the underlying mechanisms relating TRO-induced ERK activation and cellular acidosis requires further clarification. Our previous studies [8] [9] [10] [11] focused on NHE-mediated acid extrusion and lactic acid production as the determinants for the TRO-induced cytosolic acidification observed in a variety of renal and tumorgenic cells. These studies clearly showed that while NHE-mediated acid extrusion was impaired [8, 9, 11] , lactic acid production was not increased leading to the conclusion that decreased acid extrusion rather than increased production accounted for the cytosolic acidification. Realization of ERK activated acid production [12] led to consideration of other sources of protons potentially able to acutely acidify the cytosol, including NADPH oxidase activated pentose shunt [13] and mitochondrial "acid production" [9] leading to a reevaluation of the relative roles for acid production vs. acid extrusion in the cytosolic acidification. To evaluate cellular acid-base balance in the context of ERK activation, the model depicted in Figure 1 was deployed. Accordingly, cytosolic pH reflects the balance between acid production, intracellular acid buffering capacity, and under these conditions, NHE-mediated acid extrusion. Acid production can be assessed from 1] that titrated in the media at the end of the study plus 2] that retained within the cell based on the buffering capacity of the cell (β=Δ acid load /Δ pHi) and the decrease in pHi. The NHE activity as well as the spontaneous pHi at which acid production and extrusion reach a near steady-state following an exogenous acid load (recovery pHi) can also be measured in these same cells. Since the effect of TRO on cellular acid-base balance is mediated via ERK activation [6] , p-ERK can also be simultaneously measured providing an integrative perspective of acid-base regulation via this pathway.
Employing this model our first goal was to determine the mechanism of the profound cytosolic acidification and the relationship to ERK activation induced by TRO. The results to follow show that an acute increased acid production and a decreased NHE-mediated acid extrusion both contributed to the cytosolic acidification and that these responses are coordinately regulated via TRO-induced ERK activation. Surprisingly, increased acid production rather than decreased extrusion is the dominant factor in the acute cytosolic acidification. Furthermore both were coordinately controlled by ERK since blocking activation in the presence of TRO prevented cytosolic acidification. ERK activated acid production was dependent upon mitochondrial depolarization and could be prevented with MEKK inhibition consistent with an important interaction between ERK and mitochondrial signaling pathways as proposed [4, 6] .
Materials and Methods

Experimental Design
Experiments were designed to allow measurements of acid production, cytosolic and media pH as well as ERK activation and NHE activity as described in the model above ( Figure 1 ). LLC-PK 1 cells obtained from American Type Culture Collection (Manassas,VA) were grown in Dulbecco's Modified Eagle's Medium(DMEM) containing 10% fetal calf serum, (in mM) 28 NaHCO 3 , 120 NaCl and 5 mM D-glucose plus 2 mM L-glutamine at 37ºC and 5% CO 2 (pH 7.47). The confluent cells were detached with trypsin-EDTA and reseeded onto customed designed 30 mm glass chambers (Bioptechs, Biological Optical Technologies Butler, PA) previously layered with DMEM. Cells grown on chambers were studied within 1-2 days of seeding being confluent and exhibiting domes. The cells were loaded with 5 µM BCECF-AM(2,7-bis(2-carboxyethyl)-5(6)-carboxyfluorescein BCECF-AM Molecular Probes Eugene, OR ) for 10 minutes at 37ºC in HEPES(15 mM) buffered KrebsHenseleit (KHH) media containing 5 mM D-glucose and pH 7.4 and then promptly transferred to the stage of an Olympus IMT-2 microscope equipped with a heated stage insert. Fluorescent measurements were made of regions not expressing domes and at 37ºC through an inverted epifluorescence microscope as previously described [8, 9] . After washing the cells 2xs with weakly buffered KHH media containing 1 mM HEPES pH 7.4 and 5 mM glucose they were incubated for 12 minutes in 0.5 mL of 1 mM HEPES buffered KHH. This media was then removed for analysis of titratable acid and lactate and then either lysis buffer for western blot analysis of ERK activation, or, normal KHH containing 20 mM NH 4 CL (substituted for an equivalent mM NaCl) then added for NHE activity assay; for Western blot analysis of p-ERK the cells were immediately scraped into the lysis buffer and processed the same day [6] ; for NHE activity the recovery response following removal of 20 mM NH 4 Cl, 1 minute of minus sodium chloride (choline chloride), KH media titrated to 7.4 with choline bicarbonate and then normal KHH (15 mM HEPES, pH 7.4) media for 8 minutes recovery. The NHE activity was assessed from the rapid recovery upswing ( Figure  1 ) while the plateau pHi attained was observed as the "recovery point" pHi ( Figure 1 ). Thus all 3 parameters, acid production, acid extrusion rate/recovery point pHi and ERK activation could be related to the spontaneous cytosolic pH observed after 12 minutes.
Total acid production
Acid production over the 12 minute time course was measured as the sum of acid titratated in the weakly buffered KH media using 0.02 N NaOH to return the media pH to 7.4. Acid produced and retained intracellularly was determined from β, the intracellular buffer capacity, times the ΔpHi. Media pH measure immediately at 37ºC fell approximately 0.1-0.2 units (total volume 500 uls) whereas the cytosolic pH ranged from 7.0-7.3 for controls to 6.6 to 6.9 for TRO-treated with an approximate intracellular volume of 2±0. 4 Although this value for β may overestimate the intracellular retained acid in the controls where pHi remained in the 7.0-7.3 range, this overestimate would in effect account for only a small error because most of the acid produced in control cells was extruded to the media. Lactic acid production was analyzed in the media using lactate oxidase (Pointe Scientific Canton, MI) and expressed as nmoles lactate released per 12 minutes. To test the effect of the hydrophobic amiloride derivative 5-(Nethyl-N-isopropyl)amiloride (EIPA, SIGMA, St. Louis) on acid production, cells were pre-incubated with 40 µM EIPA immediately after BCECF loading followed by 40uM EIPA added to the media for the 12 minute study where appropriate.
Intracellular pH, p-ERK and NHE activity measurements
Spontaneous cytosolic pH was monitored continuously over 12 minutes as the BCECF emission ratio and calibrated using high K + /nigericin calibration method as previously described [8, 9] . At the end of 12 minutes cells were either analyzed for ERK activation (phosphorylation) or for NHE activity. To prevent ERK activation, cells were pre-incubated for 5 minutes with KHH plus the MEKK inhibitors 30 uM PD98059 plus 10 µM UO126 after which the cells were studied for an additional 12 minutes in the presence of these inhibitors. To assess the effect of EIPA on NHE activity, 40 µM EIPA was present in the minus sodium and KHH recovery media. Fig. 1 . Experimental model designed to measured spontaneous cytosolic pH (pHi) as a function of acid production and NHE mediated acid extrusion regulated by TRO-induced ERK activation. Acid production in nmoles/12 min was measured as the sum of acid produced and 1] buffered within the cell and that 2] extruded into the media. NHE activity was assayed following application of, 20 mM NH 4 Cl, and removal, 0 mM NH 4 Cl, acid pulse as the rapid upswing following replacement of 140 mM Choline with140 mM Na + and as the recovery plateau pHi (recovery point). ERK was activated by TRO and assayed at the end of 12 minutes; ERK activation affects on acid production and NHE activity were ablated by inhibiting MEKK using preincubation with PD98059+UO126 in combination. In contrast TRO was not present in the media used to assess NHE activity after 12 minutes with TRO in the 1 mM HEPES KH media.
Mitochondrial ΔΨm measurement and Mitotracker Green Imaging
Cells were grown to confluence in chambers in DMEM and then loaded with the potentimetric dye tetramethylfhodamine ethyl ester (TMRE, Molecular Probes) at 25 nM in KHH media plus 1 ug/ml Hoechst 33342 (nuclear stain) for 10 min at 37ºC. After loading, the cells were immediately washed and then treated for 12 minutes at 37ºC exactly as in the above pHi measurements. Immediately at 12 minutes the cells were viewed on a Nikon Eclipse TE300 inverted microscope utilizing IPLab3.7 software. TMRE is a nonfixable cationic dye that is taken up and retained in energized mitochondria according to ΔΨm; increased inner membrane proton permeability will deenergize the mitochondrial membrane resulting in a release of the dye from the mitochondrial matrix resulting in reduced fluorescence. MitotrackerGreen (Molecular Probes), which accumulates in the mitochondria regardless of membrane potential, was used to monitor mitochondrial localization and matrix volume.
Mitochondrial Isolation and Complex I Assay
LLC-PK 1 cells were collected using trypsin and centrifugation at 1000 xg for 5 minutes at 4C. The pelleted cells were resuspended in ice cold DMEM and immediately repelleted followed by resuspension in ice cold wash buffer (ApoAlert, Cell Fractionation Kit, Clontech) and promptly pelleted as above. The cells were then resuspended in ice cold fractionation buffer and mitochondria and cytosolic fractions obtained as per protocol(ApoAlert, Clontech) with the efficiency of homogenization checked by microscopic examination as recommended. The resulting mitochondrial pellet was resuspended in 0.1 mL of 10 mM Tris/pH 7.8 and frozen at -80°. Aliquots of both cytosolic and mitochondrial fractions were analyzed by dye binding assay for protein (Bio-Rad) and by Western blotting for intrinsic mitochondrial membrane cytochrome oxidase IV and diffusible cytochrome c protein using antibodies provided (ApoAlert, Clontech) as indices of mitochondrial distribution in the two fractions and mitochondrial integrity respectively. Mitochondria suspended in 10 mM Tris, pH 7.6, and frozen at -80° were thawed just prior to assaying Complex I activity.
Complex I activity
Mitochondria frozen suspended in hypotonic 10 mM Tris buffer were thawed and assayed for activity in reducing 2,6-dichloroindophenol (DCIP) following the addition of NADH+H + . The advantage to using DCIP reduction as opposed to NADH+H + oxidation is the 3 fold greater sensitivity of the former as an electron acceptor [15] . Mitochondria(0.5 ug to 5 ug) were incubated at 37C in 1 mL assay media containing 25 mM potassium phosphate(pH 7. 
Metabolic studies
Cells were grown to confluency in 24 well dishes and incubated in 0.5 ml DMEM containing 5mM D-Glucose and 2 mM L-glutamine for 18 h after which the media was taken for analysis of ammonium (microdiffusion) and alanine/glutamate/ glutamine production by HPLC as previously described [11] Acid production over 18 h was determined from the decrease in media bicarbonate content measured as total CO 2 by microgasometric analysis [6] and compared to media incubated in the absence of cells; lactic acid production was measured enzymatically using lactate oxidase as described above. The effect of EIPA and rotenone on the 18 h ammonium or alanine production as well as glutamine utilization was expressed as net production/utilization per 18 h per mg protein.
Statistical analysis
Differences between control and TRO and TRO plus treatments responses were analyzed by ANOVA and a corrected t-test (Dunnett) with the nul hypothesis rejected at p<0.05.
Results
To test the model presented in Figure 1 for measuring total acid production (sum of acid buffered within the cell plus acid titrated in the media), ERK activation and NHE activity (following exogenous NH 4 Cl acid load), LLC-PK 1 cells were exposed to a 10 fold TRO concentration range (5-50 µM). As shown in a representative experiment in Figure 2A and for 5 additional experiments in 2B, p-ERK activation occurs at the lowest concentration (5 µM TRO, 1.1±0.1 vs. 0.4±0.1, p<0.01) and increases to 5 fold higher than the control at 25 µM (2.23±0.43 vs. 0.4±0.1, p<0.01) and to 10 fold at 50 µM TRO. Total acid production was enhanced 2 fold at 5 µM (118± 30vs 54±9 nmoles, p<0.05) and increased to 3 fold at 50 µM with 49, 42, and 36% of the acid produced retained within the cell at 50, 25, and 5 µM respectively in contrast to only 7% in the controls. NHE activity assayed at the end of the 12 min time course and without TRO in the media was reduced by 67, 65, and 15% at 50 (p<0.01), 25 (p<0.01), and 5 (p<0.10) µM respectively compared to the control. The recovery pHi following the exogenous NH 4 Cl acid load was depressed at 50, 25, and 5 µM, 6.74±0.06 (p<0.01), 6.87±0.08 (p<0.01) and 7.03±0.09 (p<0.10) respectively compared to the control (7.20±0.09) and not different from their respective spontaneous pHi measured at the end of 12 min. Consequently, spontaneous pHi falls because of both increased acid production and decreased NHE activity (recovery pHi) resulting in retention of the acid load within the cytosol.
To assess the role of ERK activation on both acid production and acid extrusion, MEKK inhibitors (PD98059 plus UO126) were used in combination (see Methods) to block ERK activation and these same responses monitored. Figure 3A presents a representative experiment showing that these two MEKK inhibitors largely prevents both the decrease in spontaneous pHi measured at the end of 12 mins and restores NHE activity. Figure 3B shows results from 5 additional experiments.
At 25 µM, TRO-induced ERK activation 5.1 fold (p<0.01), increased total acid production by 1.5 fold (p<0.05) of which 46% was buffered intracellularly and reduced NHE activity by 61% (p<0.01%). As a consequence, both the spontaneous pHi and the recovery pHi measured following the exogenous NH 4 Cl acid load were reduced (6.76±0.04 vs. 7.04± 0.03, p<0.01 for spontaneous pHi and 6.65±0.06 vs. 7.07±0.04, p<0.01for recovery pHi). Treatment with MEKK inhibitors prevented ERK activation (3.8±1.0 vs. 0.11±0.07, p<0.01), eliminated the increased total acid production (111± 10 vs. 178 ± 20 nmoles, p<0.01 vs. 118 ± 22 nmoles CTL) and restored NHE activity resulting in spontaneous (end of 12 min) and recovery pHi not different from control (6.92± 0.05 vs. 7.04± 0.04 and 7.03±0.06 vs7.07±0.04 respectively). These results are consistent with ERK activation being largely responsible for the coordinated increase in acid production and the To assess whether increased lactic acid production contributes the enhanced acid production, lactate was measured after the 12 min time course. Interestingly, ERK activation induced by 25 µM TRO was associated with reduced (39± 3 vs. 56±5 nmoles, n=6, p<0.05), rather than increased, lactic acid production and the ratio of total acid produced to lactic acid actually increased with ERK activation (2.2±0.6 to 4.6± 0.8, p<0.05); preventing ERK activation restored lactic acid production (51±4 nmoles) as the acid production decreased with the total acid to lactic acid ratio returned to control (2.0±0.4). This inverse relationship between enhanced acid production and decreased glycolysis suggests that p-ERK activated acid production results from either the pentose shunt or mitochondrial pathways. To test for the former we employed an inhibitor (apocynin) of NADPH oxidase activity which is presumed to enhance the pentose shunt pathway by accelerating NADP availability [13] . However, the potent NADPH oxidase inhibitor apocynin (10 µM) failed to prevent TRO-induced intracellular acidification (6.79 vs. 6.80 for TRO +APO and TRO alone, n=2) and failed to prevent enhanced total acid production (144 vs. 135 vs. 76 for TRO+APO, TRO and control respectively) suggesting that NADPH oxidase activation and subsequent increased pentose shunt activity does not account for the increased acid production. We had previously shown [4, 8, 11] coupled protons [16] with the latter extruded into the intermembrane compartment between the inner (IM) and outer (OM) membranes and contiguous with the cytosol. Previous studies in mitochondria isolated from rat liver [17] demonstrated that EIPA, like rotenone, was a potent inhibitor of Complex I. To confirm that EIPA would inhibit Complex I in our cells, we isolated mitochondria ( Figure  4A ) and assayed Complex I activity following 10 minute preincubation with 40 uM EIPA and compared the response to that seen with 5 uM rotenone ( Figure 4B ). As shown in 4A the mitochondrial fraction contained virtually all of the inner membrane cytochrome c oxidase IV protein while cytochrome c remained and had not leaked out into the cytosol consistent with enrichment of intact mitochondria in this fraction. To assess whether EIPA would inhibit Complex I activity, we compared the EIPA response to that of the known inhibitor rotenone. We then employed EIPA to test a putative role of Complex I TRO-induced cytosolic acidification in cells exposed to 25 uM TRO as shown in Figure 5A . Noteworthy, EIPA prevented the fall in cytosolic pHi that otherwise occurs despite TRO-induced p-ERK activation and reduced NHE activity ( Figure 5B ), emphasizing the importance of the increased acid production. EIPA alone at 40 uM had no affect on NHE activity or on spontaneous pHi after 12 minutes consistent with its effect being inhibition of Complex I proton pumping into the cytosol. As shown in Figure 5B the 3 fold p-ERK activation with the spontaneous pHi measured after 12 min higher (p<0.01) than TRO (7.12± 0.03 vs. 6.78±0.05)and not different from the control (7.09 ±0.04); in contrast, the NHE activity remained reduced with TRO+EIPA at the level observed with TRO alone (0.062±0.010 vs. 0.086± 0.013 vs. 0.14±0.01 ΔpHi/min for control) demonstrating increased acid flux into, rather than out of, the cytosol was responsible for the acute acidification. Similar results were obtained using 5 uM rotenone in combination with TRO (TRO-induced acid production decreased (p<0.01) from 122± to7 to 70±3 nmoles, while increased ERK activation and decreased NHE activity were both maintained, data not shown). Together, these results are consistent with cytosolic acidification dependent upon p-ERK activated acid production channeled through Complex I proton pumping.
Cytosolic acidification resulting from Complex I proton pumping necessitates that the inner mitochondrial membrane become permeable to protons so as to prevent limiting alkalinization of the matrix space. This putative back leak of positively charged protons into the matrix would have the effect of reducing both the proton as well as the charge gradient (ΔΨmit) across the inner membrane. To test whether in fact mitochondria become depolarized under these conditions, cells were loaded with the mitochondrion ΔΨ sensitive stain (TRME) and then exposed for 12 min to 50, 25, and 5 µM TRO or media alone (same dose-response experiment as shown in Figure  2A for cytosolic acidification). As shown in Figure 6 , in control cells the mitochondrion ΔΨ sensitive dye appears brightly in punctuate particles ringing the nuclei and threading out into the cytosol; at 5 µM TRO the dye intensity decreases although the perinuclear localization of the dye remains distinct; at 25 µM TRO dye intensity is further reduced and no longer distinct showing a faded halo effect surrounding the nuclei and at 50 µM TRO the dye appears diffuse throughout the cytosol consistent with an inability to retain the mitochondrial membrane sensitive dye within the mitochondria. The mitochondria stained with Mitotracker Green and shown as inserts for control and 25 uM TRO confirm that the TRO-induced diffusion of the membrane-sensitive dye occurs with a similar mitochondrial volume as observed in the control field. Since the increased acid production and cytosolic acidification could be largely prevented by blocking p-ERK activation, cells were pre-incubated for 5 min with MEKK inhibitors and then exposed to 25 µM TRO+PD98059 plus UO126, Figure 7 (essentially the same experimental protocol as above in Figure 3A) . Prevention of ERK activation largely restored the mitochondrial retention of the ΔΨm sensitive TRME. These findings (Figures 6, 7 and 2A, 3A) are consistent with enhanced H + fluxes across both the inner and outer mitochondrial membranes (inward flux reducing ΔΨm and enhanced outward flux resulting in cytosolic acidification). Experiments were performed over the 10 fold TRO dose range(5-50 µM) with prevention of ERK activation resulting in enhanced dye retention within the mitochondria at all TRO concentrations (data not shown). These findings are consistent with mitochondrial depolarization and cytosolic acidification as closely linked responses largely dependent upon TRO-induced ERK activation.
An important physiological consequence of mitochondrial Complex I activation within these proximal tubule-like cells could be increased oxidation of glutamate yielding ammonium and alpha ketoglutarate (αKG 2 -potential base) plus NADH+H + . Further, a fall in cytosolic pHi could drive glutamate formed from glutamine in the outer mitochondrial compartment [18, 19] into the matrix compartment and away from cytosolic transamination (ALT) and alanine formation [8] . If glutamate uptake into the mitochondria is coupled to Complex I proton secretion, then blocking Complex I proton secretion could limit glutamate transport into the mitochondrial matrix, and, by default, preserving cytosolic substrate for the transamination pathway and alanine formation. As shown in Table 1 , 25 µM TRO for 18 h increased ammonium production (2087± 208 vs. 1195 ± 170 nmol/mg, p<0.01) associated with a reciprocal decrease in alanine production (567± 77 vs. 1022± 61 nmol/mg, p<0.05) consistent with ammonium largely produced from glutamine's amino nitrogen [4, 8, 11] . Note that the increased ammonium and decreased alanine production with TRO occur without an increase in glutamine utilization consistent with a shift of glutamate from cytosolic transamination into the mitochondrial oxidative deamination pathway possibly linked to Complex I proton extrusion. If so, inhibiting Complex I should prevent both the increased ammonium derived from glutamate oxidation but also, as a default pathway, restore alanine production. Employing EIPA, after confirming EIPA to be a potent Complex I inhibitor ( Figure 4B above and ref. 8) , prevented TRO from increasing ammonium production (1219 ± 75 vs. 2087 ± 208 nmol/mg for TRO alone, p<0.01, Table 1 ) and just as importantly, restored alanine production (919± 83 vs. 565± 77 nmol/mg for TRO, p<0.01). To confirm that this effect is specifically a result of Complex I inhibition, we used 5 uM rotenone in combination with TRO. Complex I inhibition prevented TRO from increasing ammonium production (for TRO + rotenone, 876 ± 292, p<0.01 vs. TRO alone, 2087±208 and not different from control, 1195±170 nmol/mg) and restored alanine production (for TRO + rotenone, 1368±185, p<0.05 vs. TRO alone, 565±77 and not different from control 1022±61 nmol/mg). Unlike the acute 12 min study, neither acid production nor the acid production to lactate production ratio (1.5± 0.2 vs. 1.6± 0.2 for control and TRO respectively) were increased over 18 h suggesting that protons pumped via Complex I into the intermembrane space in part reenter the matrix compartment coupled to glutamate [20, 21] and do not contribute to cytosolic acidification at this time.
Discussion
Our earlier studies [4, 8, 11] and concluded that reduced acid extrusion rather than increased lactic acid production best accounted for the cytosolic acidification. Subsequent studies [6] showed that this rapid cytosolic acidification effect required ERK activation and that preventing ERK activation restored NHE activity and, paradoxically, restored lactic acid production. Our present study demonstrates acute cytosolic acidification results primarily through enhanced mitochondrial "acid production" [22] , and, surprisingly, that both the accelerated acid influx into the cytosol as well as the reduced NHE-mediated acid extrusion are largely, and coordinately, dependent upon ERK activation. We also demonstrate that cytosolic acidification and mitochondrial depolarization are closely linked through ERK activation. The proposal of a relationship between ERK activation and mitochondrial depolarization/ "acid production" is a novel concept with potential physiological implications.
As depicted in Figure 2 , TRO rapidly and in a dosedependent manner activates ERK [4, 6] via a putative plasma membrane receptor leading to ERK activation detectable in minutes ( [4, 6] and Figure 2B ) and sustained for at least 18h [6] in LLC-PK 1 proximal tubule-like cells. ERK activation in these cells has two actions relevant to acid-base regulation: 1] transient activation of mitochondrial "acid production", and, 2] reduction of NHE3 activity. Interestingly, ERK activation in this proximal tubule like cell is associated with NHE3 inhibition, not unlike NHE3 inhibition and reduced bicarbonate absorption by ERK activation in the thick ascending limb of the nephron [23] . This effect plus ERK activation dependent depolarization of mitochondria may contribute to the profound natriuresis observed in vivo with metabolic acidosis [5, [24] [25] [26] . Metabolic base generation requires that glutamate be oxidized by glutamate dehydrogenase within the mitochondrial matrix and coupled to Complex I via NADH+H + . Since the functional glutaminase, PAG, may be localized to the intermembrane compartment [18, 19] , glutamate formed from glutamine requires H + for coupled transport across the inner mitochondrial membrane [20] . Thus one physiological consequence could be the observed shift in glutamate from the cytosolic transamination pathway and alanine formation into the oxidative pathway and ammoniagenesis as observed for proximal tubule-like cells in vitro (Table 1) and as an increased ammoniagenesis and decreased alanine production from glutamate in vivo for pigs receiving an NH 4 CL acid load [27] .
Normally, acid pumped out of the mitochondrial matrix via Complex I(and Complexes III and IV) would diffuse back down the ΔpH into the matrix space, with this potential energy utilized for ATP synthesis [28] and substrate, e.g. glutamate, delivery [20] to reunite with electrons forming water: in other words, no net "acid production" should occur. Although it is clear that the mitochondrial electron transport proton pumping does indeed lower the intermembrane space pH (and by extension, potentially the cytosol as well providing favorable H + diffusion gradients ) proton pumping ceases as the ΔpH reaches a maximum. For acid pumping to continue, the pH gradient would have to be modulated downward via a leak in the inner membrane e.g. uncoupling proteins allowing back-flow of protons and reduction of Ψm, which, the latter in fact we observed ( Figure 6 ). Thus a reduction in mitochondrial membrane potential appears as a prerequisite for enhanced Complex I proton pumping. Our ability to prevent enhanced acid production with TRO-induced ERK activation using EIPA or rotenone is consistent with our studies in isolated mitochondria showing that both EIPA and rotenone inhibit Complex I activity ( Figure 4B ) and suggests that Complex I with "loose"electron and proton coupling [16, 17] plays the major role in the acute cytosolic acidification response to TRO. In contrast, the prolonged 18h cytosolic acidification is also ERK dependent [6] but unlike the acute increase in mitochondrial "acid production", the chronic cytosolic acidification appears related to the inhibition of NHE-mediated extrusion of acid produced largely from glycolysis (Table 1) with Complex I acid pumping coupled to glutamate transport into the matrix space. Inhibition of Complex I proton pumping with EIPA and/or rotenone blocks the increased ammoniagenesis derived from the amino nitrogen of glutamine [4, 8, 11] consistent with coupling of Complex I proton pumping to glutamate uptake into the mitochondrion matrix [20] . Because of this blockage, glutamate formed outside the mitochondria would be obligated to enter the cytosolic transamination pathway restoring alanine production as was observed (Table 1) or be released into the media.
EIPA, of course, is a potent inhibitor of other membrane proton pumps e.g. NHE1 which pump acid out of the cytosol into the media, and, presumably, would also inhibit the mitochondrial NHE activity which also pumps protons out of the cytosol and into the matrix space. Therefore inhibition of these proton fluxes, even if they were active under these conditions, would not account for EIPA's action in preventing cytosolic acidification, more likely the opposite. Rotenone, on the other hand, would not face this criticism and acts similarly to EIPA to block both acute acidification and chronic ammoniagensis and restore alanine production (Table 1) . Others [22] have shown that acute cytosolic acidification can result from enhanced "mitochondrial proton production" and that this acidification of the cytosol can be completely prevented by blocking Complexes I, II, and IV in contrast to our study in which TRO appears to partially uncouple (depolarize) mitochondria (ERK activation dependent) and accelerate Complex I proton pumping.
Protons pumped out of the matrix space and into the intermembrane space contribute to both the pH gradient [28] and electrical potential across the inner mitochondrial membrane (Ψm). Because TRO-induced cytosolic acidification rapidly enhances the proton gradient, it would seem unlikely to occur via Complex I unless a significant back leak also occurred to prevent the build up of the limiting proton gradient. If so, a consequence of this putative back flux would be a fall in the Ψm which we looked for and, indeed, found. The results show that the greater the ERK activation and increase in acid produced (Figure 2A ), the more depolarized the mitochondria appeared ( Figure 6) ; conversely, blocking ERK activation prevented increased acid production ( Figure 3B ) and also prevented the fall in Ψm (Figure 7) suggesting that the two are somehow related. Noteworthy, EIPA blocked the cytosolic acidification but neither the ERK activation nor the fall in Ψm (data not shown) suggesting that the Complex I acid secretion requires a proton back leak but whether the proton back leak by itself [4, 24, 29] is sufficient for cytosolic acidification and ammoniagenesis from glutamine's amino nitrogen requires further study.
Others have previously shown that troglitazone depolarizes the mitochondrial membrane in mitochondria isolated from liver cells as well as in intact cells [30] [31] [32] . In general, studies of isolated mitochondria show that at high concentrations (50-100 uM) and after significant time delays (hours) TRO elicits a decline in Ψm; in live cells [30] , on the other hand TRO elicits a fall in Ψm within minutes at concentrations as low as 25 µM, similar to those used in the present study. Noteworthy, in our studies both cytosolic acidification and mitochondrial depolarization could be observed within 12 minutes even at 5 µM TRO, a concentration within the therapeutic plasma range for troglitazone [31, 33] . Significantly, our studies show the effect of TRO on both the mitochondrial depolarization and cytosolic acidification could be blocked by preventing ERK activation in the presence of TRO ruling out a direct effect of troglitazone on membrane permeability to protons in the present study. Whether, in addition, TRO exerts a direct affect on mitochondrial depolarization and Complex I activity is an important question requiring further studies.
